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structure of generic 5D supergravity models on /Z2 with multiple Z2-odd 
vector multiplets that generate multiple moduli. The SUSY flavor problem can 
be avoided due to contact terms in the 4D effective Kahler potential peculiar 
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1 Introduction 



The standard model (SM) of elementary particles is a successful theory without any con- 
tradiction to the observations up to now. However, it contains many free parameters, most 
of which come from Yukawa couplings. The eigenvalues and eigenvectors of the Yukawa 
coupling matrices determine the mass ratios and mixings between generations, respectively, 
and their observed values are quite hierarchical. Models beyond the SM should explain 
such hierarchical structures of quarks and leptons. 

Extra dimensions provide a simple way to realize the hierarchical flavor structures, i.e., 
a wave function localization of matter fields in extra dimensions [1]. Actually, the most 
promising candidate for the unified theory of the SM and the gravity, i.e., the superstring 
theory, predicts the existence of extra dimensions. They can also explain other problems 
of the SM, such as the gauge hierarchy problem |2], a candidate for dark matter |3], and 
so on. 

Supersymmetry (SUSY) is an interesting extension of the SM. It softens the divergences 
in quantum field theories and then protects the electroweak scale against large radiative 
corrections. The three SM gauge couplings are unified in the minimal supersymmetric 
standard model (MSSM) at Mgut = 2 x 10^^ GeV, which suggests the grand unified 
theory. It also has a candidate for dark matter if the R-parity forbids decays of the hghtest 
SUSY particle. Besides, the existence of SUSY is predicted by the superstring theory. 

From the above reasons, we consider an extension of the SM by introducing SUSY 
and extra dimensions. The minimal setup for such an extension is a five- dimensional (5D) 
supergravity (SUGRA) compactified on an orbifold S^/Z2. The chiral structure of the SM 
can be realized by the orbifold Z2 projection, which preserves = 1 SUSY in a four- 
dimensional (4D) sense. The local SUSY [i.e., SUGRA) is required in order to avoid the 
existence of a massless Goldstino which contradicts to many observations, and to discuss 
the moduli stabilization. 

The ofT-shell formulation of 5D SUGRA [HIS] provides the most general way to construct 
5D SUGRA models. There is, moreover, a systematic way to obtain 4D effective theories 
of such models, which we call the off-shell dimensional reduction [6] based on the N = 
1 superfield description of 5D SUGRA [TJ |8]. This method can be applied to general 
5D SUGRA models. For example, we analyzed some class of models by this method [5] 
that include SUSY extension of the Randall- Sundrum model [TU] and the 5D heterotic M 
theory [Tlj as special limits of parameters. 

The wave function localization of matter fields (hypermultiplets) is realized by control- 
ling bulk mass parameters for the matter fields in 5D models. In 5D SUGRA on /Z2, 
the bulk mass parameters are obtained as U{1) charges (times 5D Planck mass) under 
Z2-odd vector multiplets including the graviphoton multiplet. One of the minimal models 
with the realistic flavor structure was constructed with a single Z2-odd vector multiplet. 
However, it suffers from the SUSY flavor problem as well as tachyonic squarks and/or 
sleptons [12]. In our previous paper [13], we constructed models with two Z2-odd vector 
multiplets, which induce a modulus chiral multiplet other than the radion multiplet in the 
4D effective theory, and showed that there is an important contribution of the multiple 
moduli multiplets to the effective Kahler potential that may solve problems mentioned 
above. In this paper, we extend the previous work to more generic set-up, which has an 



1 



arbitrary number of Z2-odd vector multiplets {i.e., moduli multiplets) and a nontrivial 
warping along the extra dimension. We perform a comprehensive and systematic analysis 
to understand the SUSY flavor structure of such generic 5D SUGRA models, and provide 
a phenomenological analysis based on an illustrative model. 

This paper is organized as follows. In Sec. |2l we set up our model with a brief review of 
the off-shell formulation of 5D SUGRA. In Sec. [21 we derive 4D effective theory of our 5D 
model and study its properties. In Sec. HJ we perform a phenomenological analysis based 
on an illustrative model. Sec. [5] is devoted to a summary. In Appendix |Al some details of 
the derivation of the effective action are shown. In Appendix [B], we provide a comment on 
some peculiar structure of the 4D effective theory to 5D SUGRA. In Appendix O, explicit 
expressions of some quantities in the model in Sec. H] are collected. 

2 Set-up and brief review of 5D SUGRA 

2.1 Brief picture of set-up 

The set-up we consider in this article is as follows. 

• The fifth dimension is compactified on the orbifold S^/Z2, and the background 5D 
metric is the warped metric. In contrast to the original warped model the warp 
factor is supposed to be (9(10^) and explains the small hierarchy between the Planck 
scale Mpi = 2.4 x 10^*^ GeV and the GUT scale Mgut = 2 x 10^^ GeV. 

• The compactification scale is around Mqut, and below this scale, 4D effective theory 
becomes MSSM. 

• All the standard model fields are identified with zero-modes of the 5D bulk fields. 

• The hierarchical flavor structure of the SM fermions is realized by the quasi-localization 
of the wave functions for the zero-modes [1]. 

• SUSY is broken at some scale below Mgut, and the main source of SUSY breaking 
is the F-term of a single chiral superfield X in 4D effective theory. 

When we study a model with extra dimensions, it is indispensable to stabilize the size of the 
compactified internal space to a finite value. Especially in SUSY models, such stabilization 
mechanisms affect the sfermion mass spectrum in the MSSM sector. In order to take into 
account the stabilization of the extra dimension, we have to work in the context of SUGRA. 

Although the above type of set-up has been studied in many papers, most of them do 
not consider the full SUGRA effects or only consider a limited case from the viewpoint of 
SUGRA. In our previous work [TB], we pointed out a possibility to solve the SUSY flavor 
problem thanks to some peculiar terms in the Kahler potential of 4D effective theory, in a 
case that the theory has two moduli multiplets (we will provide the definition of the moduli 
multiplet in the next subsection). 

In this article, we extend our previous work to the case of an arbitrary number of 
the moduli multiplets and a non-trivial warp factor, and discuss some phenomenological 
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5D superconformal multiplet 


= 1 decomposition 


Z2-parity 


Weyl multiplet (gravity) 


Ew = {Ew, L%, Ve) 


(+,-,+) 


Vector multiplet (moduli) 


= {V^ , ) 


(-,+) 


Vector multiplet (gauge) 


irT" /T rT" \r^T"\ 

= {V^ , T,' ) 


(+>-) 


Hypermultiplet (compensator) 




(-,+) 


Hypermultiplet (matter) 




(-,+) 



Table 1: Relevant 5D superconformal multiplets. Each multiplet is decomposed into = 1 
multiplets. 



aspects. Before specifying the model, we start with general 5D SUGRA, derive 4D effective 
theory in a systematic way, and analyze the flavor structure of the soft SUSY breaking 
terms in the effective theory. After that, we will construct an illustrative model in SecHJto 
realize the above set-up. For our purpose, the superconformal gravity formulation, which 
is an off-shell description of 5D SUGRA, is useful. So we briefly review this formulation 
and explain the structure of 5D SUGRA in the rest of this section. 



2.2 Superconformal multiplets in 5D SUGRA 

The background 5D metric with 4D Poincare invariance is parametrized as 

ds^ = e^'^^y^'q^^dx^dx'' - dy^, (2.1) 

where /i, = 0,1,2,3, 77^,^ = diag (1, — 1, — 1, — 1), and e^^^^^ is a warp factor, which is a 
function of only y and determined by the dynamics. We take the fundamental region of 
the orbifold as < y < L. Since we choose the coordinate y such that {Cy^) = 1, the 
constant L denotes the size of the extra dimension. 

Our formalism is based on the superconformal formulation developed in Ref . [H |5] . 5D 
superconformal multiplets relevant to our study are summarized in Tabled! Each multiplet 
can be decomposed into A^ = 1 multiplets [5]. The signs in the last column of Table [1] 
denote the orbifold Z2 parities of the A^ = 1 multiplets in the next column. We assume that 
each A^ = 1 multiplet has the same Z2 parity at both boundaries y = 0, L, for simplicityll] 

Weyl multiplet Ew This corresponds to the gravitational multiplet, and is decomposed 
into the A^ = 1 Weyl multiplet E]y, a complex general multiplet (a: spinor 
index), and a real general multiplet Ve- Among them, Ew and Ve are Z2-even, and 
includes the 4D parts of the vierbein e^- and the extra-dimensional component Cy'^, 
respectively. The Z2-odd multiplet L|. includes the "off-diagonal" parts e J" and Cy-. 



^ In general, vector and hypermultiplets can have different Z2 parities at different boundaries, but only 
Z2-even fields at both boundaries have zero-modes which are relevant to 4D effective theory. All the other 
fields are decoupled and should be integrated out. Thus the treatment of multiplets with different Z2 
parities is the same as that of multiplets which are Z2-odd at both boundaries. 
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The latter is irrelevant to the following discussion, and is neglected. When the loop 
corrections are taken into account, however, the contribution from has to be 
included. 

Vector multiplet This is decomposed into = 1 vector and chiral multiplets 

and S^, which have opposite Z2-parities. The vector multiplets are divided into two 
classes according to their Z2 parities. One is a class of the gauge multiplets, which 
are denoted as . In this class, V^" are Z2-even and have zero-modes that are 
identified with the gauge multiplets in 4D effective theory. In the other classes {V^ ), 
the 4D vector components have no zero-modes. Instead, the chiral multiplets 
have zero-modes. They include the scalar fields and their potential is flat at the 
classical level. Thus we refer to E^' (or ) as the moduli multiplets in this article|§ 

At least one vector multiplet belongs to the latter category. In the pure SUGRA, 
the vector component of such a multiplet is identified with the graviphotonjf] All 
the other components are auxiliary fields that are eliminated by the superconformal 
gauge-fixing. Thus, when there are ny moduli multiplets in the off-shell action, only 
(ny — 1) degrees of freedom are physical. (See Sec. 12.41 ) 

Hypermultiplet This is decomposed into two chiral multiplets ^'^"■^^ and <l>^'^, which 
have opposite Z2-parities. We can always choose their 2'2-parities as listed in Table [T] 
by using SU{2)u, which is an automorphism of the superconformal algebra. The hy- 
permultiplets are also divided into two classes. One is the compensator multiplets a = 
1, 2, ■ ■ ■ ,nc and the other is the physical matter multiplets a = nc + 1, ■ ■ ■ ,nc + uh- 
The former is an auxiliary degree of freedom and eliminated by the superconformal 
gauge-fixing. In contrast to 4D SUGRA, both types of hypermultiplets have the 
same quantum numbers of the superconformal symmetries in 5D SUGRA. They are 
discriminated only by signs of their kinetic terms in the action. Thus, in princi- 
ple, it is possible to introduce an arbitrary number of the compensator multiplets 
in the theory. In this article, we consider the single compensator case {nc = 1) for 
simplicity0 

2.3 AT = 1 description of 5D action 

For our purpose, it is convenient to describe the 5D action in terms of the = 1 multi- 
plets O [S]- This corresponds to the extension of the result in Ref. [H] to the local SUSY 
case. We can see that Ve has no kinetic term in this description Jf] After integrating it out, 

^ These moduli fields are actually identified with the shape moduli of the compactified space for a 5D 
effective theory of the heterotic M-theory compactified on the Calabi-Yau manifold [11 , for example. 

^ In this article, the terminology "graviphoton" represents the vector field in the gravitational multiplet 
of the on-shell formulation. It should be distinguished from the off-diagonal components of the 5D metric, 
which are included in in the current formulation. 

The number of the compensator multiplets determines the target manifold of the hyperscalars. For 
instance, it is USp{2,2nH)/USp{2) x USp{2nH) for nc = 1, and SU{2,nH)/ SU{2) x U{nH) for nc = 2. 

^ This does not mean that is an auxiliary field. It is also contained in E^, which have their own 
kinetic terms. 
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the 5D Lagrangian is expressed as [TS] 



jd^e $"4Vsc {dy - 2zgjtjE'Y^<l>^ + h.c. 

+£.ec + 2 ^^''^s{y-y*), (2.2) 

y,=o,L 

where 4'' = diag {Unc, -Unn)^ Pab = ® Kc+nn^ = i^^V^ and ^^ec is defined as 

jd'e !^-^^^^W'W' + ^^D' {V'D^dyV' - D^V'dyV')W^'^+h.c.. (2.3) 

This contains the kinetic terms for the vector multiplets and the Chern-Simons terms. 
The indices d,b run over the whole 2{nc + uh) chiral multiplets coming from the hyper- 
multiplets. As mentioned in the previous subsection, we consider the case of ric* = 1 in the 
following. Here (T2 in p-^ acts on each hypermultiplet ($^'^~^, <|)^"). is a cubic polynomial 
called the norm function|§ which is defined by 

Af{X) = CjjkX^X^X^. (2.4) 

A real constant tensor Cjjk is completely symmetric for the indices, and A//(X) = 
dU/dX^, Uij{X) = d'^U/dX^dX\ and so on. The superfield strength Wi = -\D'^D^V^ 
and = —dyV^ + S'^ + are gauge-invariant quantities. The generators t/ are anti- 
hermitian. For a gauge multiplet of a non-abelian gauge group G, the indices /, J run 
over dimG values and A/}j are common for them. The index a for the hypermultiplets 
are divided into irreducible representations of G. The fractional powers in the first line of 
f l2.2p appear after integrating Ve out. The boundary Lagrangian C^y*\y^ = 0, L) can be 
introduced independently of the bulk Lagrangian. 

Note that (12. 2 p is a shorthand expression of the full SUGRA action. We can always 
restore the full action by the promotion, 

'd^e {. . .} ^ i [. . , jd'e {...} + h.c. -> [■ ■ , (2.5) 

where [■■■]£, and [■ ■ ■]p denote the D- and F-term action formulae of the A^ = 1 supercon- 
formal formulation which are compactly listed in Appendix C of Ref. [5]|3 Here we 
omitted the spacetime integral. This promotion restores the dependence of the action on 
the components of the A^ = 1 Weyl multiplet Ew, such as the Einstein-Hilbert term and the 
gravitino-dependent terms. The Weyl multiplet also contains some auxiliary fields. After 
integrating them out, some terms in (12. 2p are modified. Practically, the kinetic terms for 
are the only such terms that are relevant to the phenomenological discussions. Their 



^ This corresponds to the prepotential in the N — 2 global SUSY case. 

^ The superfield descriptions of the D- and i^-term formulae on the ordinary superspace are provided 
at the linear order in the fields belonging to Ew in Ref. |17) . 
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kinetic functions are read off as —N'jj{Ti)/4 from the first term in (12.31) . This will be 
modified after integrating out the above-mentioned auxiliary fields, and the correct kinetic 
function is obtained as {N'ajj} (S)/2, where [1] 

1 /■., U,Nj 



2.4 Superconformal gauge-fixing in 5D 

Here we provide some comments on the superconformal gauge-fixing in 5D SUGRA. Since 
we will not impose the gauge-fixing conditions at the 5D stagej^ the readers can skip this 
subsection. Nevertheless, the comments presented here may help the readers to understand 
the structure of 5D SUGRA set-up. 

The Lagrangian (12. 2 p with the promotion (12. 5 p is invariant (up to total derivatives) 
under the superconformal symmetries. In order to obtain the usual Poincare SUGRA, 
we have to eliminate the extra symmetries by imposing the gauge-fixing conditions. A 
conventional choice of such conditions is expressed in our = 1 superfield notation as 



E 



Ml, 



E 



V, 



9^6 



^^dJ'p^,,^\ = 0, (2.7) 



where M5 is the 5D Planck mass, and the symbols |o, I0 and \02q denote the lowest, 6- 
and components in the superfields, respectively. Ve = e^'^ + 6ipy + 9ipy + ■ ■ ■ is the 
real general multiplet coming from the 5D Weyl multiplet (see Tabled]), where ipy is the 
Z2-even 5th-component of the gravitino. The conditions in the first line fix the dilatation, 
and those in the second line fix the conformal SUSY. They reproduce the Einstein-Hilbert 
term C = — ^e^^-'T?.*^^-' + ■ ■ ■ , where e^^^ is the determinant of the fiinfbein, 7^*^^^ is the 5D 
Ricci scalar, from the D-term action formula. 

The conditions in (12. 7p indicate that there is one multiplet whose components are 
not physical in each of the vector and hypermultiplet sectors. Such a multiplet is the 
graviphoton multiplet in the vector multiplet sector, and the compensator multiplet in the 
hypermultiplet sector. However, the graviphoton Bm {M = /x, y) itself is exceptional. Since 
(12. 7p does not involve the vector components, the graviphoton is always physical. The first 
condition in (12. 7p suggests that S-^ |o generically have nonvanishing VEVs. (Since are 
Z2-odd, they do not have zero- modes nor VEVs.) Specifically, the lowest components of 

and are 

V' = Oa^'dWl + • • • , = \ - ^^1) + • • • . (2-8) 

where and Wj^ are the real scalar and vector components of the 5D vector multiplet V\ 
and the 4D vector part of the graviphoton multiplet is identified as 

VB^^{2Re{T.))V\ (2.9) 



^ The superconformal gauge-fixing will be imposed after 4D effective action is derived because it brealis 
the N = 1 off-shell structure of the action. 
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whose fermionic component vanishes by i\2.7\i . The corresponding chiral multiplet part is 
defined as 

r^^(2Re(S))S^. (2.10) 

In contrast to Vb, this remains physical under the gauge-fixing conditions. In fact, (12. 7p 
and (12.91) suggest that 

r=^(e/-2i?,)+e^+ + -- - , (2.11) 

where Bm = ^(2Re (S))PVj(^ is the graviphoton. We have chosen the coordinate y such 
that (Cy'^) = 1. Eg. (12. 11]) shows that T no longer belong to the vector multiplet sector after 
the gauge- fixing (12.71) . but it is the "5D radion multiplet" belonging to the 5D gravitational 
sector. 

Therefore, among T,^ , one combination T has a different origin from the others. We 
can also see this fact explicitly from the action. The condition (12. 7p suggests that must 
have a nonzero VEV, and it plays a similar role to the chiral compensator multiplet in 4D 
SUGRA. ($^ does not have a VEV because it is Z2-odd.) To emphasize this point, we 
rewrite the hypermultiplets as = ($^)^''^ and = <I)"/$^ (a 7^ 2) so that their Weyl 
weights are one and zero, respectively. Then the first line of (12. 2p is expanded around (S^) 
as 

Cn = -3^V3(^v)) jd^e {1 + ^((V))v^ + rnw'v'^ 

= -A^i/3(2Re(S)) y"ci^^ |0|2|3(r + r) -(a•P),^VV + 0(l>^V=^)}, (2.12) 

where = —dyV^ + S-'^ + S denotes the fiuctuation part of , and j is a projection 
operator defined as 

V' j{X) ^ 5' J - ^{X\ (2.13) 

which has a property, 

[MiV^j] {X) = V^j{X)X-^ = 0. (2.14) 

The argument of (a ■V)jj = aixV^j is (2Re (S)). In the second line of (12.121) . we can see 
that the first term has the no-scale structure peculiar to the 5D radion multiplet [12] , and 
the second term does not include T due to the projection operator V^j. Hence are 
divided into two categories according to their origins. 



2.5 Gauging and mass scales 

In SUGRA, an introduction of any mass scales into the action requires gauging some of the 
isometrics on the hyperscalar manifold by the moduli multiplets , i.e., we have to deal 
with the gauged SUGRA. For example, the bulk cosmological constant is induced when the 
compensator hypermultiplet ($^, $^) is charged, and a bulk mass parameter for a physical 
hypermultiplet is generated when it is charged for . The gauging by leads to the 
usual gauging by a 4D massless gauge multiplet in 4D effective theory. We omit the latter 
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type of gauging in the following expressions because it does not play a significant role in 
the derivation of the effective theory and can be easily restored in the 4D effective action. 
We assume that all the gaugings by are abelian, and are chosen to as-direction in the 
(<|)2a-i^ $^")-space, for simplicity. Thus, the generators and the gauge couplings are chosen 
as 

'3 



iWi'ti 



as (g) diag ( -kr, C2r, c^r, ■ ■ ■ , C(„^+i)/' 



(2.15) 



where acts on each hypermultiplet ($2"^"^, $2"). Note that these coupling constants are 
Z2-odd. Such kink-type couplings can be realized in SUGRA context by the mechanism 
proposed in Ref. |T9]. In contrast to Ref. [13], the compensator multiplet also has non- 
vanishing charges, which lead to the warping of the 5D spacetime. 
Then, after rescaling chiral multiplets by a factor e^'^''^, we obtain 



C 



2/3 



^ ^g-2c,.y|^2a-l|2 _^ g2c„.y|^2a|2^ 



a=2 



d^9 I $1 {dy + 3fc ■ S) $2 - (dy + 2ca ■ S) $2'^ \ + h.c. 

+£.ec + 2 5^ [d'e ($2) (<l>2'^) + h.c. 



S{y-y*), 



(2.16) 



where k -V = kj'V^' , Ca ■ V = Cai'V^' , and = ^'^"■/^'^. For simplicity, we have 
introduced only superpotentials W^"^*^ in the boundary Lagrangians. The hypermultiplets 
appear in W^^*^ only through because physical chiral multiplets must have zero Weyl 
weights in = 1 superconformal formulation [Jl6j| and <l>2"~^ vanish at the boundaries 
due to their orbifold parities. The boundary Lagrangians can also depend on boundary- 
localized 4D superfields, which are not considered in this article. The power of $2 in front 
of W^y*^ is determined by the requirement that the argument of the F-term action formula 
must have the Weyl weight 3. (The Weyl weight of $° is 3/2.) 



3 4D effective theory and its properties 



3.1 4D effective Lagrangian 

Following the off-shell dimensional reduction developed in Ref. [6j, we can derive the 4D 
effective action, keeping the = 1 off-shell structure. A detailed derivation is summarized 
in Appendix \M The result is 



eff 



r 

+ jd^9\(j)\^n,s{\Q\^,ReT) + J d^ 9 ^^W,s{Q,T) + h.c. 



(3.1) 
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where the gauge multiplets are summarized in the matrix forms for the non-abehan gauge 
groups, the index r indicates the gauge sectors, and W is the field strength supermultiplet 
for a massless 4D vector multiplet V^. Qa {a > 2) and are the zero-modes for 
and , respectively. We have used the same symbols for the zero-modes as the 
corresponding 5D multiplets. Each function in (13. ip is expressed as 



I' 



= y^/3(ReT) 



-3Y{k .T) + 2J2 y{{k + da) ■ T)\Qa\ 



a,b 

l^eff(Q,T) = + e-3^-^iyW [e-'^^-^Qa) , (3.2) 

where ^J, are real constants determined from Cpj/'K", dav = Cav — ^kji, and 



Y{z) ^ — . (3.3) 

2Rez 



The functions Q^fl are defined as 



~ (4) ^ Jd^- ■ {^((^ + da + 4) ■ T) - ^ y((^ + da + d,) . T) 



(3.4) 



{{k + da)-ReT}{{k + db)-ReT} 3 

In the derivation of VL^s summarized in Appendix ( ]A.2I) . we have assumed that 

A;/'P^j,(ReT) = 0, (3.5) 

in order to obtain an analytic expression. Thus we focus on a case that the moduli VEVs 
are (at least approximately) aligned to satisfy (13. 5p by some mechanism. When the number 
of the moduli is two, the above effective Lagrangian reduces to that in Ref. [13] in the limit 
of kr ^ 0@ The constraint (13. 5p disappears in this limit. 



3.2 Superconformal gauge-fixing and mass dimension 

Here we mention the superconformal gauge-fixing in 4D SUGRA. Since the effective ac- 
tion (13. ip (with the promotion (12. 5p ) has the = 1 superconformal symmetries, we have 
to impose the gauge-fixing conditions in order to obtain the usual Poincare SUGRA. 
The extra symmetries to eliminate are the dilatation £>, the U{1)a automorphism, the 

^ There are typos in Ref. [13] . The indices of the derivatives of the norm functions should be replaced 
as Ml O N2 and Mi ^ ^22 in (2.15) and Sec.3.1 of Ref. [13]. 
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conformal SUSY S, and the conformal boost K. For a real general multiplet U = 
C + 6( + 6( + ■ ■ ■ + the D-term action formula is written as O [TB] 

[U]j, = e(4) j/} + (7^(^) - Ae'^'^P^^.a.d,^^) + "^C^^'d^i^, + ■ ■ - j , (3.6) 

where e*^^^ is the determinant of the vierbein, 7^^^^ is the 4D Ricci scalar, and a^'^ = 
^ {a^a'^ — a'^a^^)^ We omitted the spacetime integral. A conventional choice of the gauge- 
fixing is as follows. The Z)-gauge is fixed so that the Einstein-Hilbert term is realized, and 
the S^-gauge is fixed so that the kinetic mixing between the matter fermions and the 
gravitino is absent. The corresponding gauge- fixing conditions are given by 

(|0|2fies) I = -SM^„ (|0rM L = 0. (3.7) 

The f/(l)yi-symmetry is eliminated by fixing the phase of 0|o to zero. The iif -gauge fix- 
ing condition is irrelevant to the current discussion. The resultant Lagrangian in the 
gravitational sector is obtained as 

A-vi = -^e(^) (7^(^) - Ae'^-'^^^l^.a^d^^P,) +■■■. (3.8) 

We comment on the relations to the 5D gauge-fixing we chose in (12.71) . From the 
definitions of and in Appendix IA.lt the Z)-gauge fixing in (12.71) corresponds to the 
following conditions in 4D effective theory. 

A^^/3(Re (T)) = ^dy Af'/\2Re (S)) = M5L, 
Jo 

(0)= (($^))'/'^M5. (3.9) 

We have assumed that VEVs of all the physical hypermultiplets are much smaller than 
Mp(^, and used the facts that (S^") = and all (S^') have the same y-dependence under 
the condition (13.51) . Namely we can read off the 5D scales M5 and from (13.91) . 

Before the gauge fixing, all quantities in the action do not have the mass dimension. 
It can be defined after the Z?-gauge fixing that introduces the mass scale into the theory. 
Since D corresponds to the scale transformation, the mass dimension seems to be identified 
with the D charge, i.e., the Weyl weight. However, they are completely different as shown 
in Table [2l For instance, the former assigns a nonzero value to the coordinate while 
the latter does not. The mass dimensions of the gravitational fields are determined from 
(13. 8p . As for the chiral and vector multiplets, the numbers in the table denote those for 
the lowest components. They increase for higher components by 1/2. The mass dimension 
of the moduli is determined so that their VEVs have a dimension of length. Note that 
the gauge-fixing conditions break the = 1 off-shell structure and the theory cannot be 
expressed in terms of superfields any longer. In order to express the action in terms of the 

^'^ Wc follow the spinor notation of Ref. [20] . 
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e - 




Qa 


m 7' 


T r T" 


Weyl weight 





(-1/2) 


-1 


-1/2 











mass dimension 


-1 


-1/2 





1/2 


1 


-1 






Table 2: The Weyl weights and the mass dimensions of the coordinates and fields in 4D 
effective theory. 



component fields that have the mass dimensions listed in Table El we rescale each quantity 
as 

(3.10) 

Then the coupling constants kji and c/' are accompanied with Mpi in the rescaled action 
while gjii are not. So we also rescale these constants as 

Mpikp, Mpicp, gin kr, cr, gin. (3.11) 

Hence the moduli couplings kp and cp are regarded as mass parameters while the gauge 
couplings gin are dimensionless constants. After this procedure, M-p\ appears only in (13. 8 p 
and the gravitational interactions. 



3.3 Moduli kinetic terms 

Since the moduli VEVs satisfy (13. 5p . the combination ■ T is expressed as 

k-T = KT,^d, (3.12) 

where 

= 1 (A; . Re (T)) , T.^d = L^(Re {T))T'' . (3.13) 

We have determined the coefficient so that Re (Trad) = L. Note that T^d is identified 
with the zero-mode of the 5D radion multiplet T defined in (12.101) . Since J\f^^^(ReT) is 
expanded around T = (T) as 

A^^/=^(Re ((T) + 5T))= Af'/^Re (T)) i 1 + ^^(Re {T))Re5T'' + 0{5T^) 

y ?>N 

= ^Afy^Re (T))ReTrad + 0{ST^), (3.14) 
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Qes in (I3.2p becomes 

^^eff = -yAf'/'iRe (T)) ^— + Oi6T') + • • • , (3.15) 

where the elhpsis denotes terms involving other multiplets than Trad- This is the kinetic 
term of the radion muhiplet in the Randall-Sundrum spacetime [21]. Thus, the ahgnment 
of moduh VEVs in ( 13. Sp is interpreted as the condition for the spacetime to be the Randall- 
Sundrum spacetime, and k defined in (13.131) is identified with the AdS curvature scale that 
is related to the bulk cosmo logical constant. After the gauge-fixing (13. 7p . we obtain 

r2 l/,.,2^ ^ l,r2 ^ 3\ 1 - C'^^^ M|(1 - C-^^^) 



MA = -3 (l0|Ufr) ^ -^Mi ■ ^--j . M,L . = ' ^. (3.16) 

We have used (13. 9p . Eq. (l3.16p is the well-known relation in the Randall-Sundrum space- 
time [2]. 

The other moduli are orthogonal to Trad in the moduli space. When there exist ny 
moduli, they are parametrized by the coordinate system {f^} (i = 1, ■ • • , riy — 1) on the 
{ny — l)-dimensional submanifold determined by| 
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Af{ReT{ip)) = J^iRe (T)). (3.17) 

^ — n (I- .T>' 



Since A///(ReT)^-^ = 0, [k ■ V)i' is expressed in terms of v?* as 



V^]+Oiv'). (3.18) 

1/3=0 



The kinetic terms for Lp^ are contained in the 0{{k-VY)-teTms in (13. 2p . which start froml^ 

3.4 Quadratic terms in rieff and Yukawa hierarchy 

The coefficients of \Qa\'^ in fieff are important for generating the fermion mass hierarchy. 
The Yukawa couplings can be introduced only in the boundary actions due to the N = 2 
SUSY in the bulk. We assume that they are contained in W^^^ at y = 0, 

= J2 Xabc^^""^^^^^" + ■■■ , (3.20) 

a,b,c 

where Xabc are the holomorphic Yukawa coupling constants and are supposed to be of 0{1). 
Then the effective theory has the Yukawa couplings, 

W,S = ^abcQaQbQc + ■■■ ■ (3.21) 

a,b,c 



One choice of {(/j*} is (p"^ = T^ ~^ — {T^ ~'). In this case, T"^ becomes a function of ip^ through (|3.17p . 
This can be calculated by the perturbative expansion of the first equation in (|A.28p in terms of 
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Qa 



X 



V 



I' 



Qa X 

Figure 1: Feynmann diagrams contributing to ^^^^ multi moduli case. 



The physical Yukawa couplings Uabc are obtained by the canonical normalization of the 
chiral superfields Qa, and we have 



where 

Ya = 2M^/\ReT) |r((A; + d^) ■ T) + fi^],(ReT)|X|2 + . (3.23) 

The function Y{z) is always positive, and approximated as 



1 



Rez > 



Y{z) ~ { ^ , ,^ (3.24) 

2^exp{2|Rez|}. Re^ < 



From the 5D viewpoint, the wave function of Qa is localized toward y = (y = L) in the 
case that {k + da) ■ (ReT) is positive (negative). As we can see from (13. 22 p . Uabc is of Oil) 
when all the relevant fields are localized toward y = 0, while it is exponentially small when 
there is a field localized toward y = L among them. This is the well-known split fermion 
mechanism [1]. 



3.5 Quartic couplings in i7eff and soft SUSY-breaking masses 

The coefficients of IQaPlQfeP have a peculiar form to 5D SUGRA. This type of terms are 
important because they lead to the soft SUSY-breaking masses for the sfermions when Qa 
and Qb are identified with the quark or lepton superfield and the SUSY-breaking super- 
field X, respectively. Notice that the first term in (13. 4p is absent in the single modulus 
case due to the projection operator V^j,. It is induced by integrating out the vector mul- 
tiplets , which are the N = 2 partners of the moduli multiplets [13]. The relevant 
Feynmann diagrams are depicted in Fig. [H This can be seen from the fact that the co- 
efficient of the first term in (13. 4p involves the inverse matrix of a//j', which comes from 
the propagator for . The existence of the projection operator V^j, indicates that the 
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graviphoton multiplet Vb defined in fl2.9p does not contribute to ^^^l- This can be under- 
stood from the fact that most of the components of Vb are auxihary fields, as mentioned 
in Sec. El 

In the next section, we will consider a case that the F-term of one chiral multiplet X 
in the effective theory provides the main source of SUSY breaking and {X) ~ 0. In 
such a case, the IQaPl-^P-term contributes to the soft SUSY-breaking mass for the scalar 
component of Qa, and it is expressed as (see f l4.14p in Sec. I4.2p 

Let us first consider the single modulus case. In this case, ^^^Ic always positive 
because the first term in (13. 4p is absent. Thus the soft scalar masses in (I3.25P become 

' ' 3YiiK + da)L) ' ^^-'^^ 

and are found to be tachyonic. These tachyonic masses can be saved by quantum effects 
in some cases. The soft masses in (I3.26P are exponentially suppressed when k + da < 
and K + dx > 0. This corresponds to a case that the matter Qa is localized around y = L 
while X is around y = 0. In such a case, quantum effects to the soft scalar masses become 
dominant and may lead to non-tachyonic masses. However the large top quark mass cannot 
be realized because the top Yukawa coupling is suppressed in that case. (Recall that the 
Yukawa couplings are localized at the y = boundary.) 

This problem can be evaded in the multi moduli case. Let us consider a case that 

da-Re{T) < -kL <0 < dx -ReiT). (3.27) 

In this case, the y = boundary is identified with the UV brane, and Qa and X are localized 
around the IR and UV branes respectively since {k+da)-Re (T) < and {k+dx)-Re (T) > 0. 
VEV of ^l^^l is approximately expressed as 

)(4) /^^^ da ■ Va-' ■ dx Y{da ■ {T))Y{dx ■ (T)) 



{{k + da) ■ Re (T)} {{k + dx) ■ Re (T)} Y{-kL) 

da ■ Va-^ ■ dx _^l^-2{k+d.)-Kc (T) 



{{k + da) ■ Re (T)} {{k + dx) ■ Re (T)} 2 {da ■ Re (T)) {dx ■ Re (T)) ' 

(3.28) 

Therefore, f l3.25p becomes 

^2__|^X|2 jdg ■ Va-^ ■ dx)KL 

- ' ' {da ■ Re (T)) {dx ■ Re (T)) {{k + dx) ■ Re {T)}' ^ ' ^ 

The sign of now depends on the (truncated) norm function A/" and the directions of the 
gauging for . In fact, we can always realize non-tachyonic soft masses for any choices 
of Af by choosing the directions of the gauging such that 

da ■ Va~^ ■ dx 



{da-Re{T)){dx-Re{T)) 



< 0. (3.30) 
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Furthermore, if ny-dimensional vectors da point to the same direction, 

da oc n, (3.31) 

the soft masses become independent of the "flavor index" a. (The direction n must not 
be parallel to k, otherwise all ml vanish.) This opens up the possibility to solve the SUSY 
flavor problem. We will discuss this issue in the next section. 
A similar result is also obtained in a case that 

da-Re{T) <0 < -kL < dx -ReiT). (3.32) 

Conditions for obtaining non-tachyonic (and flavor- universal) soft masses are the same as 
f l3.30p (and f l3.3ip ). In this case, however, the y = boundary becomes the IR brane, 
and the approximate expressions of the soft masses are suppressed from fl3.29p by a fac- 
tor e-^^^ > 10 



4 Illustrative model 

Now we specify the model that realizes the set-up mentioned in Sec. 12. 1^ and show some 
phenomenological analysis. 

4.1 Hidden (mediation) sector contents 

In this paper we assume that a single chiral multiplet X originating from a 5D hypermulti- 
plet is responsible for the spontaneous SUSY breaking. We do not specify the potential of 
the hidden sector X and moduli chiral multiplets. There are various ways to stabilize 
the moduli, including the size of the extra dimension. In general, the mechanism for the 
moduli stabilization determines the F-terms of , and thus affects the mediation of SUSY 
breaking to the MSSM sector. Here we do not specify the moduli stabilization and SUSY 
breaking mechanism, and treat (VEVs of) F-^ and F^' as free parameters!^ while VEV 
of (the lowest component of) X is assumed to be almost vanishing (X) <^ (T^ ) 0{1) in 
the 4D Planck mass unit0 

Instead of the non- vanishing F-terms, (J' = 1,2,3) and F^ , we use ratios of 

them ai> and a typical scale of SUSY breaking Msb in order to parametrize the soft SUSY 
breaking parameters. They are defined as 

J^^ = F^^F^, (4.1) 

The typical SUSY-breaking mass scale Msb is also suppressed by the same factor in this case. So a 
ratio nia/MsB is not suppressed. (See Sec. 14.21 ) 

We do not consider the I?-term SUSY breaking in this article. 

Concrete moduli stabilization and SUSY breaking mechanisms were studied in our previous work |13j 
based on Ref. [24j, which are also applicable here. 
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where E^^ is the vielbeiio for the Kahler metric Kj^§ = dAd§Kes- Then the vacuum 
value of the scalar potential is written as 



3 



1 + Mlj,-3ml/,, (4.2) 



i'=i 



where 7113/2 = {e^^'^\W\) is the gravitino mass. The moduli stabilization at a SUSY break- 
ing Minkowski minimum (V) ^ required by the observation leads to a relation 



my 2 



\ 



i(l + X^|Q7.|MA/sB. (4.3) 



The ratios aj' parameterize contributions of "the moduli mediation" induced by F^' 
compared to that of "the direct mediation" induced by F^. In the following analysis we 
mainly consider cases that 

\ar\ = 0{1) or O {1/{A7t^)) . (4.4) 

The latter values can be realized by the numerical value of 1/ ln(Mpi/TeV) if the moduli 
are stabilized by nonperturbative effects like gaugino condensations at a SUSY anti-de 
Sitter vacuum, which is uplifted to the almost Minkowski minimum by the vacuum energy 
of the (TeV scale) SUSY breaking sector [221 123] . We can identify with a source of the 
uplifting vacuum energy based on a scenario of F-term uplifting [211 [25] . 

For the phenomenological analysis, we consider a case with three Z'2-odd U{l)j' vector 
multiplets in 5D, where /' = 1,2,3. They generate three moduli chiral multiplets 

T^' = {T\T^,T^), (4.5) 

in the 4D effective theory and we choose the (truncated) norm function as 

Af{ReT) = (ReTi)(ReT2)(ReT3). (4.6) 

Then the matrix ajij' defined in (12.61) becomes diagonal. Explicit forms of the Kahler 
metric Ky^j^ and ajiji are shown in Appendix O In the fiat case {nL = 0), the Kahler 
metric also becomes diagonal. 

For concreteness, we further assume the moduli VEVs as 

(Re(Ti),Re(T2),Re(T3)) = (4,4,1). (in the Mpi unit) (4.7) 

Then the condition to realize the Randall-Sundrum spacetime (13.51) fixes the gauging di- 
rection of the compensator multiplets as 

{h,k2,h)= (],],l]h. (4.8) 



.4 4 

The value of ^3 is determined by the warp factor through kL = k - He (T) = 3/^3 . 



We use the same index for the flat and curved coordinates on the Kahler manifold to save characters. 
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Multiplet 


Qii T-^i) ^i) 




X 


R- charge 


1/2 


1 


2 



Table 3: f/(l)R-charges of the chiral multiplets. 

4.2 Visible sector contents and soft SUSY-breaking parameters 

We assume that the visible sector consists of the following MSSM matter contents: 



(V^l,V^2,V^3) 

{'Hu, 'Hd) 



gauge vector multiplets, 
quark chiral multiplets, 
lepton chiral multiplets, 
Higgs chiral multiplets. 



(4.9) 



where Vi, V2, V3 denote the gauge multiplets for U{1)y, SU{2)l, SU{3)c originating from 
, and the others are chiral multiplets from 5D hypermultiplets. The index i = 1,2,3 
denotes the generation. 

We also assume an approximate global [/(l)ii;-symmetry that is responsible for the 
dynamical SUSY breaking [26j. We assign the R-charge as shown in Table [31 It is supposed 
to be broken by the nonperturbative effects. Then, the holomorphic Yukawa couplings and 
the /x-term in the boundary superpotentials as well as the gauge kinetic functions are 
independent of X. We further assume that these terms exist only at the y = boundary. 
The resulting gauge kinetic functions and the superpotential for the visible sector in the 
4D effective theory are parametrized as 



I' 

VFmssm = CoHuHd + X^j'HuQiUj + Xfj'HdQi'Dj + X^jT-LdCiSj, 



(4.10) 



where r = 1,2,3 for U{1)y, SU{2)l, SU{3)c, and are real constants determined by 
the coefficients Cj'j"k" in the norm function J\f, while Co and A^-'^''^ are in general complex 
constants. After the canonical normalization, the fi parameter is expressed as 



Co 



Co 



/ArV3(ReT)F(A;-T)n.„r«,, 



/2Y{KL)Yn^XH, 



(4.11) 



where Ya is defined in (13. 23 p . and we have used (14. 7p at the second equality. The physical 
Yukawa couplings are expressed as 



^^YnjQYu^ 



4 



Vi 



(4.12) 



The holomorphic Yukawa couplings Af^- {x = u, d, e) are assumed to be of 0{1). The hierar- 
chical structure of the Yukawa couplings are obtained by choosing the moduli couplings Cap 
as explained in Sec. 13.41 
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The soft SUSY-breaking parameters in the MSSM are defined by 
Csoit = -Y,mlJQ,\'-^Y.^rtT (yy) (4.13) 

Qa r 



where A'' (r = 1, 2, 3) and Qa = Hu,d, Qi, Ui, di, k, are the gauginos and the scalar com- 
ponents of 'Hu,d, Qi, Wj, Vi, Ci, £i, respectively. The fields are all canonically normalized. 
These parameters are induced by the formulae 



Mr = (F^9Aln(Re/:ff)), m^^ = -(F^F^a^^g InYgJ, 

B = - ( F^dA In I I ) - ms/ae 

Al = {F^dAln {Yh^YqYu,)), A% = (F^^^ln (F^^FaF^J), 

At^ = {F^dAln{Yn,YcYe^)), (4.14) 

where A,B = X,T\T'^,T^, and if = aTg{W). 

Now we show the (squared) soft scalar masses ttlq^ as functions of the charges for the 
Z2-odd vector multiplets V^' (/' = 1,2,3). Since (Ya) in the above formulae are functions 
of {k + da) ■ Re (T), we normalize each charge as 

cf = {kj, + dar)Re {T'') = {cav - kj, /2)Re (T^'), (4.15) 

without summations for the index /'. The soft scalar mass mg^ varies exponentially over 
(9(1) ranges of c^'. Thus we plot a quantity defined as 



/3KJ = logio^^T^. (4.16) 

In Figs. [2] and [31 we assume that cti = 03 = l/(47r^), 02 = 2/(47r^). Namely, contributions 
of the moduli mediation are tiny. In Fig. IH we assume that ai = ^2 = 1, ots, = 2, i.e., 
contributions of the moduli mediation are comparable to that of the direct mediation. 
The charge assignment of X is chosen as (c^,c|^,c|^) = {cx — ^) in all figures, 

while that of Qa is chosen as {cq^,(?q^,(?qJ = {^,Ca — ^,^) in Figs. [2] and HI and 
(^Qa' ^Qa' '^Qa) ~ ('^« ~ ' "^^S" El Thc surfacc with (without) a mesh describes 

a region ttiq^ > {ttiq^ < 0). Note that the above charge assignments satisfy fl3.3ip 
because they are rewritten as 

(4,4,4) = {dx,o,o), 

2^,3) f(0,4,0), (inFigs.0and© 
^ '^"^ \(rf„0,0). (in Fig. ED ^ ' 

where dx = (cx — kL)/4: and da = (c^ — k,L)/4:. 
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(a) nL = —3.6 



(b) kL = 



(c) kL = 3.6 



Figure 2: The charge dependences of PlrngJ defined in Eq. fl4.16p with the norm function 
f l4.6p and ai = = l/(47r^), ^2 = 2/ (47r^). The charge assignment for Qa and X is chosen 
as (£q,,5q,,5|J = if,Ca-^,f) and = (5x - f , f ). The surface 

with (without) a mesh describes the region mg^ > {ttiq^ < 0). 




Figure 3: The charge dependences of I3{m^j defined in Eq. fl4.16p with the norm function 
f l4.6p and ai = = l/(47r^), a2 = 2/(47r^). The charge assignment for Qa and X is chosen 
as (5^,,4,,4J = i~ca - ^, f , f ) and (5^,5^,5^) = (5x - ^, f , f )• The surface 
with (without) a mesh describes the region ttlq^ > {TriQ^ < 0). 



Let us first consider a case that a/' ^ 1, i.e., the direct mediation dominates. The soft 
scalar mass is expressed from ( 13.25P as 



m 



2 Vf'^r^nW 



YiKL)n'^l^^iRe{T)) 



(4.18) 



We can see that IrrigJ > M^^ for CqCx ^ 1 in Figs. [2] and [31 This behavior can be 
understood from the fact that Qa and X locahze toward the same boundary in such a 
region. Especially in the warped case, the soft scalar mass is enhanced when they localize 
toward the IR boundary. On the other hand, they localize toward the opposite boundaries 
in a region CaCx < — 1. Notice that rriQ^/M^^ is not exponentially suppressed and remains 
to be of 0{1) in this region, because they are not sequestered due to the existence of 
the contact terms |Qap|Xp in Qes induced by integrating out the heavy Z2-odd vector 
multiplets . This is in sharp contrast to the single modulus case where the sequestering 
occurs. Especially, in a region that CaCx < —1 and (c^ — nL){cx — i^L) < —1, such induced 
contact terms dominate, and f l4.18p can be approximated as 



^Qa e2«^F(/€L) dQ^-Va~^-dx dq^-Va-^-dx 



Ml^ 2Y{-kL) {dQ^ ■ Re {T)){dx ■ Re (T)) 2{dQ^ ■ Re {T)){dx ■ Re (T))' 



(4.19) 



Since the charge assignments of Qa satisfy the condition fl3.3ip . the fiavor dependence 
of fl4.19p cancels. With our choice of the norm function and the assumption (14. 7p . its 
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(a) = 



-3.6 



(b) kL = 



(c) kL = 3.6 



Figure 4: The charge dependences of P{mQj defined in Eq.f l4.16|) with the norm function 
f l4.6p and ai = 02 = 1, as = 2. The charge assignment for Qa and X is chosen as 
(cq., 5L' 4J = (frca-'-f, f) and (c^, c^,, = (c^ - M., f). The surface with 
(without) a mesh describes the region mg^ > < 0). 



approximate value is 16/3 (—32/3) in the case of Fig. [2] (Fig. [3]), irrespective of the value 
of kL. The non-tachyonic condition in such a fiavor- universal region (13.301) is satisfied for 
the charge assignment of Fig. |2l while not for that of Fig. |3l as we can see the figures. 

In a case that contributions from the moduli mediation are not negligible, i.e., \c(i'\ = 
(9(1), the above behaviors are disturbed. The expression of the soft scalar mass in such a 
case is given in (]C.3|) . In the fiat case {kL = 0), for example, it is written as 



rn^ ^ _5|i^(Re(T)) ^ ^ 
M|b 2Y{da)Y{dx 



+ E 4^ - E"^'"^'45Q>(£a), (4.20) 



where y{x) is a function defined in (]C.2|) . We have used the specific form of the norm 



function (14. 6p . In spite of the nontrivial Ca-dependence of the third term, there is still 
a region in which is almost flavor-universal. This is due to the property of the 
function y{x) that x'^y{x) ~ 1 for \x\ ^ 3. 

By making use of the above properties, we construct a realistic model in the next sub- 
section, and analyze the flavor structure of fermions and sfermions as well as the other phe- 
nomenological features. We comment that the boundary induced Kahler potentials K^^*^ 
(y* = 0, L) are neglected in this paper. They may disturb the flavor structure if they 
dominate the contributions from the bulk. Here we just assume that such boundary con- 
tributions are small enough compared to those from the bulk. 



4.3 Phenomenological analysis 

In the following phenomenological analysis, the warp factor is chosen as 

kL = 3.6, (4.21) 

so that e'^^ = C(Mpi/Mgut)- This determines the compensator charges in (14. 8 p as = 1.2. 
The typical KK mass scale is set to the GUT scale, 

Mkk = ^i^^ = Mgut. (4.22) 

This determines k (and L) from f l4.2ip . The 4D effective theory is valid below Mkk- 
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Here we comment on a consistency condition of our 5D setup. In order for the 5D 
description of the theory to be vahd, the 5D curvature TZ^^^ must satisfy the condi- 
tion \TZ^^^\ < M| [28]. For the Randall-Sundrum spacetime, T^*-^-* = — 20k^. Thus, together 
with the relation f l3.16p and the definition of M^k, the consistency condition is rewritten 
as 

e«'<4;Lj!£^^0.47#L. (4.23) 

203/4 AfKK Mkk 

For our choice of Mkk in fl4.22p . this indicates that nL < 4.0, which is satisfied by (14.211) . 

In order to realize phenomenologically viable fermion and sfermion flavor structures, 
we assign the following U{l)j> charges for the Z2-odd vector multiplets (J' = 1, 2, 3) to 
the MSSM matter multiplets Qa = {Qi,Ui,Vi,Ci,£i,'Hu,'Hd)- For the values of Re {T^ ) 
and kp given by (14.71) and (14.81) . the f/(l)i charges are chosen as 

c£f = (1.2, 1.2, 0.5), c^=i = (1.2, 1.2, 0.5), = (1.2, 1.2, 1.2), 

g£=i = (1.2,1.2,1.2), ££=1 = (1.2, 1.2, 1.2), 

5i;f = i.o, 5i;:^ = i.2, 5^=^ = 8.7, (4.24) 

the ^7(1)2 charges are assigned as 

csf = (-7.9, -5.9, 0), c/;=2 = (-10.4, -5.9, 0), 5^=^ = (-6.4, -6.9, -4.9), 
ccr' = (-6-9, -6.9, -4.9), ~4=' = (-9.4, -3.9, -3.9), 

ci;f = o, 5i;f = -3.4, 5:;;=^ = 1.2, (4.25) 

and the U{l)s charges are assigned as 

c£=3 = (1.2,1.2,0), c/;=3 = (1.2,1.2,0), = (1.2, 1.2, 1.2), 

4'=3 = (1.2, 1.2, 1.2), 4'=3 = (1.2, 1.2, 1.2), 

ci;f = 0, gi;f = 1.2, ~4=' = 1.2, (4.26) 

These charges satisfy (I3.3ip for the first two generations of quark and lepton multiplets. 
With this charge assignment, the observed quark and charged lepton masses and the ab- 
solute values of CKM mixings are realized, as shown in Table IH with 0{1) values of the 
holomorphic Yukawa couplings A^''^''^ in the superpotential (I4.10p . 

After fixing all the f/(l)/' charges, the remaining parameters are the coefficients in 
the effective gauge kinetic functions fl^iT) in (I4.10p . One of for each r is determined 
by matching flQ{(T)) with the observed values of the SM gauge couphngs, i.e., by the con- 
dition for the gauge coupling unification at Mqut- The remaining ^J, control the gaugino 
masses at Mqut- In the following analysis, all the gauge couplings, Yukawa couplings, 
the /i-term and soft SUSY breaking parameters in the visible sector are evaluated at the 
EW scale Mew by using the 1-loop renormalization group (RG) equations of MSSM, where 
we neglect effects of all the Yukawa couplings except for the top Yukawa coupling. 

In order to estimate the SUSY flavor violations, we rotate the soft scalar mass ma- 
trices {m?- )ij = diag \ m% ^,ra% ^,rn']: \ and the scalar trilinear coupling matrices 

JL,R ■' \ JL,R^ jL,R'i jL,R-iJ 

{A^)ij = {y^)ij{A^)ij into the super-CKM basis and describe them as 

ml = {Viymlvl, rn)^ = {yiym)vi, Af = {yiyPvi (4.27) 
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Predicted 


Observed 


{mu,mc,mt)/mt 


(1.4 X 10-^7.38 X 10-^1.0) 


(1.5 X 10-^7.37 X 10-^1.0) 




(1.2 X 10^3,2.41 X 10-2,1.0) 


(1.2 X 10-^2.54 X 10-2,1.0) 


{me,m^,mr)/mr 


(2.871 X 10-^ 5.955 x 10-^,1.0) 


(2.871 X 10-^ 5.959 x 10-^,1.0) 


\Vckm\ 


/ 0.97324 0.2298 0.00337 \ 

0.2297 0.97235 0.042 
\ 0.00637 0.0417 0.999112 / 


/ 0.97428 0.2253 0.00347 \ 

0.2252 0.97345 0.041 
\ 0.00862 0.0403 0.999152 / 



Table 4: The predicted quark and charged lepton masses as well as the absolute values of 
CKM mixings compared with the experimental data [29j. The flavor charges are chosen as 
shown in Eqs.(|4,24|) and (14.251) . 

where f = u,d,e and = = V^. The unitary matrices are defined by 

iVlVyjVR = — diag (m^i, mj2, m^a) , (4.28) 

where Vf = (sin /5, cos /3, cos (3)v and v ~ 174 GeV. Here we consider a case of tan /3 = 4 as 
an exampleo Then we define mass insertion parameters as [30] 

^ + {i^f)^ - pL) ^ij J ^ ("^L^^^' + {^^f^i ~ Prr) 



, RRJ13 I 5 



where 



IX f = (cot /9, tan/3, tan/3) /i, 
pL = ^(M|-4M^,il^| + 2M^,-3M| + 6M^), 

pL = ^sin2^^(-2M|,M|,3M|), 

Mz - 91.2 GeV, Mw ^ 80.1 GeV, sin^ - 0.23, (4.30) 

and fi is determined by the minimization condition of the Higgs potential. 
Furthermore we introduce a quantity 



fj_dMf 



A. - 7^^^ (4-31) 



In fact, tan/3 is not a free parameter in our original setup. One way to treat tan/3 as a free parameter 
is to introduce another /x-term, ClT^uUcI^ on the y = L boundary. Then the constant Co in (I4.1ip and 
(|4A4l) is replaced by ( = Co + e^'-''^"^'^''^''^CL, and we can control the value of tan /3 by varying keeping 
{Q unchanged. 
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K«'lr)2iI=3.0x10-' 

ltf'LR)2ll = 10-* 

l(*'LL)23(iS'LR)33l=8.0xlO-' 

I(^'ll)23(*'lr)33|=10-' 

mH=114.4[GeV] 

mH=110[GeV] 



4^=- 10 

fl fl 4^=-50 

Figure 5: Contours of |(^£/j)2i|, |(^ll)23(5l_r)33|) I^/^I tjiho as functions of the gaugino 
mass ratios ri = M1/M3 and r2 = M2/M3 at Mgut- The region 3 < r2 < 6 is magnified 
in the right paneL The parameters are chosen as Msb = 100 GeV, ai = l,a2 = 1/2, 
as = l/(47r^), and tan (3 = 4. The gluino mass M3 is set to 343 GeV at Mgut- 



which describes the sensitivity of the Z-boson mass Mz to the fi parameter |31j. 

In Figs. El El and U\ we plot contours of various quantities as functions of the gaugino 
mass ratios at Mgut, 

n = M1/M3, ra = M2/M3. (4.32) 

Contours of I 21 1, |('^ll)23(5lk)33|5 and the hghtest CP-even neutral Higgs mass mj^g 
are shown in Fig. [S]for Msb = 100 GeV, ai = 1, 0^2 = 1/2 and = l/(47r^). Similar con- 
tours are plotted in Fig. forMgB = 200 GeV, ai = 1/2, as = lASvr^) and = l/(47r2), 
and in Fig. [7] for Msb = 500 GeV, ai = as = l/(47r2) and a2 = 2/{Att^). The gluino 
mass M3 at Mgut is 343 GeV, 383 GeV and 416 GeV in Figs. El [6] and [71 respectively. 
Ratios of the gaugino masses at Mew to those at Mgut are given by 

Ml (Mew) M2(Mew) _Qg M3(Mew) 33. 

Mi(Mgut) ■ ' M2(Mgut) ■ ' M3(Mgut) ■ ■ ^ ' ' 

The gaugino masses at Mew are read off from these relations. 

The curves with fixed values of rriHo represents the upper bound on the lightest CP-even 
Higgs mass in our model [32]. The region surrounded by the curve representing |A^| = 10 
is free from the little hierarchy problem of MSSM. There is no (less than 10%) fine-tuning 
of yU in this region in order to realize the correct EW symmetry breaking. 

As for the SUSY flavor violations, the most stringent experimental constraints on the 
mass insertion parameters in our model are typically expressed as |((5£r)2i| ^ 10~^ and 
|(^LL)23(^Li?)33l ^ 10 which come from the upper bound on the branching ratios of 
/i — )■ 67 and b — )• 57, respectively [53] • Recall that contribution of the direct mediation by 
has only weak flavor dependence for our charge assignment while that of the moduli 
mediation by F'^^ can disturb such flavor structures. Namely, the flavor dependence of the 
soft masses becomes weaker when a// <^ 1. We emphasize that the allowed region from 
/i — )■ 67 is much wider in Fig. [6] with as = l/(87r^), compared with the one in Fig. El with 
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K«'lk)2iI=1.0x10-' 

I(«'i,k)2.I=S.0x10-' 
l(*'LL)23(iS'LR)33l=8.5xl0-' 
l(*'LL)23(if'l,R)33l = 1.2xlO-' 

ra/,=114.4[GeV] 

mH=110[GeV] 

A;i=0 



4;i=-10 

fl fl i(i=-50 

Figure 6: Contours of |(5£/j)2i|, |('^ll)23(5l_r)33|) I^mI as functions of the gaugino 

mass ratios ri = M1/M3 and r2 = M2/M3 at Mgut- The region 3 < r2 < 6 is magnified in 
the right panel. The parameters are chosen as Msb = 200 GeV, ai = 1/2, 02 = l/(87r^)) 
as = l/(47r^), and tan (3 = 4. The gluino mass M3 is set to 383 GeV at Mgut- 

a2 = 1/2. This is because the flavor structure of the first and second generations in the 
lepton sector are governed by the f/(l)2 charges, and only 02 affects the flavor structure. 
Note that the contours of |(5ll)23('5lh)33| in Fig. [7] is drawn differently compared with 
Figs. |5] and [61 This is because contributions of the direct mediation dominates over those 
of the moduli mediation since ai> <^ 1 in Fig. [TJ and then the scaling of the soft terms are 
changed. 

It is commonly said that models with the gravity-mediated SUSY breaking suffer from 
the SUSY flavor problem. However, we find that suitable charge assignments for f/(l)/' do 
not cause the SUSY flavor problem while realize a viable flavor structure for quarks and 
leptons (without tachyonic squarks and sleptons). We should emphasize that this is due 
to the existence of multiple moduli, which induce additional contact terms in 
4D effective Kahler potential. This is in sharp contrast to models with a single modulus 
discussed in many papers. 

Finally we comment that the Higgs mass bound seems to be most stringent in Figs. |5l |6] 
andO This is due to the fact that the visible sector is assumed to be MSSM with tan /3 = 4. 
It may become milder without affecting the flavor structure if we take a larger value of 
tan/3 [£| and/or extend the Higgs sector, such as the next to minimal SUSY SM. Since 
we are focusing on the flavor structure here, we would leave analyses on such extensions 
for a separate paper. Even for MSSM with tan /3 = 4, we flnd a region where all the 
experimental constraints considered here are satisfled in Fig. [61 

18 Pqj. laj-gg values of tan /3, contributions of the bottom Yukawa coupling become important in the RG 
running, which we have neglected here. 
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|(i'LR)21 1 = 1.0X10-' 

1(^^8)211=3.0x10-' 

l(ff'LL)23(*'LR)33l=9.0xl0-' 

l(ff'LL)23(ff'LR)33l = 1.6xl0-' 

- - - - — - - m„=114.4[GeVl 
m»=110[GeV] 

2 4 6 8 10 2 4 6 8 10 

A//=-10 

Tj Tj Afi=-50 

Figure 7: Contours of |(^£/j)2i|, |(^ll)23(^l_r)33|, and ttiho as functions of the gaugino 
mass ratios ri = M1/M3 and r2 = M2/M3 at Mqut- The region 3 < r2 < 6 is magnified 
in the right panel. The parameters are chosen as Msb = 500 GeV, ai = l/(47r^),a2 = 
2/(47r2), as = l/(47r2), and tan/3 = 4. The gluino mass M3 is set to 416 GeV at Mgut- 

5 Summary 

We have systematically studied the SUSY flavor structure of generic 5D SUGRA models, 
where all the hidden and visible sector fields are living in the whole 5D bulk spacetime, 
where N = 2 SUSY exists. In order to realize the observed quark and lepton masses and 
mixings, the visible sector fields are quasi-localized in the extra dimension by a suitable 
charge assignment for Z2-odd f/(l)/' vector multiplets . This type of models have been 
considered in many papers, but most of them assume that there is just a single Z2-odd 
vector multiplet, i.e., the graviphoton multiplet. However, it has been shown in Ref. |T2] 
that induced squark and slepton masses become tachyonic in such a case. Besides, too large 
flavor violation generically occurs in the SUGRA models, i.e., the SUSY flavor problem. 
In our previous work [13], we pointed out a new possibility of avoiding such problems by 
introducing an extra Z2-odd vector multiplet other than the graviphoton multiplet. In 
such a case, additional contributions to 4D effective Kahler potential Kes appear after 
integrating out the Z2-odd vector multiplets, and they affect the flavor structure of the 
soft SUSY-breaking mass matrices. 

In this paper, we have extended our previous work to more generic cases and specify con- 
ditions to solve the tachyonic sfermion problem fl3.30p and the SUSY flavor problem fl3.3ip . 
In fact, through a detailed phenomenological analysis, we have explicitly shown that the 
SUSY flavor problem can be avoided by introducing multiple vector multiplets without 
encountering tachyonic sfermion problem mentioned above. Therefore we conclude that 
the SUSY flavor structure of gravity-mediated SUSY breaking scenario can be control- 
lable [34] once it is concretely constructed, contrary to the general criticism that SUSY 
flavor violation is problematic for it. 

The additional contributions to K^.^ by integrating out the bulk SUGRA fields have 
been discussed in the context of the string theory in Ref. [25] . Because 5D SUGRA is the 
simplest set-up for the brane-world models, we can derive an explicit form of K^s directly 
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from the higher-dimensional theory. This enables us to perform detailed analyses on it, 
as we have done in this paper. Our systematic analyses also owe to the existence of the 
off-shell description of SUGRA [H [5] . It makes the derivation of the 4D effective theory 
transparent by utilizing the off-shell dimensional reduction [6j. 

The results obtained in this paper are quite generic when the hierarchical flavor struc- 
ture originates from the wave function localization in the extra dimension. Most of the 
results in Sec. lUdo not much depend on the choice of the norm function fl4.6p if we choose 
a suitable charge assignment for . Finally we emphasize that the multi moduli case dis- 
cussed in this paper is naturally realized when we consider the low-energy effective theories 
of the string theory. 
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A Derivation of effective action 

In this section, we provide a systematic derivation of the 4D effective action. We basically 
follow the off-shell dimensional reduction developed in Refs. [6l|13]. This procedure keeps 
the = 1 off-shell structure. 

First, we neglect the kinetic terms for Z2-odd A^ = 1 multiplets because they do not 
have zero-modes that are dynamical below the compactification scale. Then the Z2-odd 
multiplets play a role of Lagrange multipliers, and their equations of motion extract zero- 
modes from the Z2-even multiplets. This is the basic strategy. 

A.l Gauge kinetic functions and superpotential 

The kinetic terms for S^" are included through the gauge-invariant quantities V^" in the 
(i^^-integral of (12.161) . Thus, dropping the kinetic terms for in a gauge- invariant way 
is equivalent to imposing the constraint, 

V'" = 0. (A.l) 

Before dropping the kinetic terms for the other Z2-odd multiplets, let us redefine the 
chiral multiplets as 

$1 = 0f0^, $2 = 01, 

= (piQl, $2- = 0f Q,. (A.2) 

Then, has the Weyl weight 1 and plays a role of the chiral compensator multiplet, while 
Qa has the Weyl weight zero, just like the matter chiral multiplets in 4D off-shell SUGRA. 
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Now we drop the kinetic terms for (f)'^ and Q^, and obtain 

£ = -2 jd^e l^i^^ {dy + 3A; ■ E) 0i - J] ^Iq^ {dy + 2c, ■ S) (^ig,) | + h.c. 

+ •••, \a.3) 

where the elhpsis denotes terms independent of (p'^ and Q'^. Thus their equations of motion 
are read off as 

{dy + 3A; • S) 0t = 0, {dy + 2ca ■ S) (^Iq,) = 0. (A.4) 
By solving these, we find the y-dependence of and Qa as 

</.(2/) = exp|-2fc-^Vs(y')}0(O), 

Qa{y) = exp |(3A; - 2ca) ■ j\' Qa(0), (A.5) 

where the 4D superspace coordinates and 6'" in the arguments are suppressed. Note 
that these y-dependent factors can be ehminated by 5D gauge transformations, 

= V^ + + K\ = + dyK^ = 0, (A.6) 
with the transformation parameters, 

A\y)^- Tdy'^^y'). (A.7) 
Jo 

Since S^' are Z2-even, the transformation parameters A^' are discontinuous at y = L. 
The discontinuities correspond to zero-modes for as 

A^'|,=i_, = -V, A''\y=L = 0, (A.8) 

where ^ 

T''^2 [ dyE^'iy). (A.9) 

The zero-modes T^' are called the moduli multiplets in the following 0. As a result, V^' 
also have gaps at ?/ = L as 

V'' \y^L-e = -Re T^', V'' \y=L = 0. (A.IO) 
After the above gauge transformation, the expressions of reduce to 

V' = -dyV'. (A.ll) 
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In the single modulus case, it corresponds to the radion multiplet Trad- 
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Thus the constraint flA.ip indicates that the gauge-transformed Z2-even vector super- 
field are independent of y, i.e., 4D vector superfields. 

Under the gauge transformation, £vec defined in (12 .Sp is invariant up to a total derivative 
for y mB 



5C 



vec 



-^AWW^l+h.c. 



(A.12) 



This becomes surface terms after the ^/-integration, and thus 



dy 5C^ 



d'9 

^d^e 



+ h.c. 







(A.13) 



where the ellipsis denotes terms involving a Z2-odd vector superfield V^' . We have used 
(lA.Sp in the second equality. 

Finally we drop the kinetic terms for , and perform the y-integration. By utilizing 
all the above results, we obtain 



■eff 



d^e 



Cl'J"K"rT.I'.X,J"^X,K" 



-3 d^e 




L-e 



2/3 ■ 



dyj{f'/^{-dyV)e"'-^ 1_ ^ e 



{2ca-3k)-V 



\Qa\ 



a=2 



+ 



fd^e 03 |w^(o)(Q,) + e-3^-^iy(^) (e(i'=-^")-^Q.) } + h.c. 



where A/ is a truncated norm function defined by 



(A.14) 



(A.15) 



Here we have used the fact that the gauge-transformed and Qa are y-independent in the 
region < y < L but has discontinuities at y = L as 



Qa 



(ca-%k]-T 



Qa 



y=L- 



(A.16) 



The chiral multiplets (p and Qa in (1A.14I) are the ones evaluated at y ^ L. 

From (1A.14I) . we can read off the gauge kinetic functions and the superpotential in the 
effective theory as fl3.2p . We omit the tilde in the expression in (13. ip and fl3.2p . 

Notice that the only y-dependent superfields in flA.14p are . Since we have dropped 
the kinetic terms for , we can integrate them out by their equations of motion. We will 
perform this procedure and calculate the effective Kahler potential in the next subsection. 
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We have dropped total derivatives for and 9° 
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A. 2 Kahler potential 

Now we integrate V^' out in the expression (lA.14p . and derive the effective Kahler poten- 
tial Kes, or f2eff = — 3e~'^<=«/^. It is written as 

L-e ( \ 

fieff = -3 ^ W M'l\-dyV)^^-^ M - e^'^-^\QaA , (A.17) 

where dav = Cap — f^/'- We will omit the prime of the indices I', J', - ■ ■ in the following. 

At first sight, it seems to be possible to integrate out by finding their function forms 
in terms of y and performing the y-integral. However, this naive procedure fails because 
we cannot solve the equations of motion as functions of y. In fact, the equations of motion 
for are rewritten as 

+ 6kjJ^'/' - iSL^:!:^£!!:Xi2^i^^i/3 I pJ = 0, (A.18) 

where the argument {—dyV) of the norm function are suppressed, and the projection oper- 
ator V^j is defined in (I2.13p . The presence of V^j indicates that the number of independent 
equations is less than that of V^. Thus we cannot solve as functions of y. This stems from 
the fact that 5D vector multiplets cannot be expanded into KK modes keeping = 1 off- 
shell structure because component fields have different physical degrees of freedom within 
the multiplets, as mentioned in Sec. 12.41 Hence we need another method to integrate 
out. 

Let us define 




dyU 



U = k-V. (A.19) 



Then J-'j = Afj/N"^^^ is a function of v^, and 

Ar'/%-dyV)=Ar'/'{v)-{-dyU), 

dyTj = dyv'^TKj = -2dyv''M^'\v) (tt " V) ^ J {v) , (A.20) 
where o/j is defined in (12.61) . Thus (lA.lSP is rewritten as 



dyV^'aKj +\?>kj- r/^Z 1 ) = 0- (^-21) 



Here and henceforth, the arguments of the norm function and its derivatives are understood 
as unless specified. From f lA.2ip and the constraint kj{dv^ /dU) = 0, we obtain 




dU \ i-^^e^'^-^IQ 



2 



+2j2<^''daje'^'''^'^>^\Qa\W + 0(^\Q\^ , (A.22) 

a,b 
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where a^^ is an inverse matrix of a/j, Q^{v 



3a^'^kj, and 



kj = kj - 
dj = daj 
Here we have used that 



kKa^^NL 
k^a^^daL 
' kKa^^UL 



Uj = {k.V)j~^-^^X^Uj, 



Arj = {d,-v)^ 



2U 
k ■ Va~^ ■ c?£ 

2Sf 



■AT, 



which follows from the relation a^'^Afj = 2J\fv^ . 



(A.23) 
(A.24) 



Since can be regarded as a function of U through 

= rdy' dyV^ = rdy'v^dyU= I dU' v\U'), 
Jo Jo Jo 



(A.25) 



the ^/-integral in (1A.17P can be converted into the integral for U. Thus, if we find ex- 
plicit function forms of in terms of U, we can integrate out by using the boundary 
conditions, 

U\y=o = 0, U\y=L-e = -k-Re T. (A.26) 

This is actually possible (at least in principle) because the number of independent is 
equal to that of the equations of motion due to the constraint kjv^ = 1. 
We expand as 

/ = v\U) + J29imQa\' + J29LiU)\Qa\W + 0{\Q\'). (A.27) 

a a,b 

From f lA.22p . the functions v\U), gi{U) and gi^iU) satisfy 
dv^ 



dU 



(A.28) 



_^2e2/o"'^f/' d.-^ I (a'' ■ d^j) g^{U) + 2 (a'' ■ Ij) f dU' 4 ■ gb{U' 



where G^v) = dG^/dv^ and Qj^v) = d^G^/dv^dv^. From ( 1X251) and ( 1X261) . it follows 
that 

p-k-ReT 

-ReT^= / dUv\u), 



(A.29) 



which leads to 

r-k-ReT 



dU v\U) = -ReT^, 



'0 



-fc-ReT 



dU gi{U) 



-fc-ReT 



dUgUU) = Q. (A.30) 
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Substituting f[07D into fIXTfl) . we obtain 



-k-ReT 



2/3 



~k-ReT 



dU e 



2U 



\Qa\ 



a,b 



3 '^'^'^ 6 



■9a9b 



2dh-V 



9 



u 



e^^'^-^ / dU' da-gb + 



-9„e 



^2(da+db)-V 



9 



\Qa\^\Qt 



+0{\Q\' 



where 



V'{U) = / dU' v\U'). 



(A.31) 



(A.32) 



Now we will find the function forms of v^{U), QaiU) and gih{U). Since it is difficult 
to find general solutions to the differential equations in (IA.28p . we focus on a simple case 
where the condition, 

kjV'jiv) = 0, (A.33) 

is satisfied. In this case, Q\v) = and reduces to a constant for U. By using (lA.30p . it 
is determined as 



ReT^ 



k-ReT' 

Thus the condition flA.33P means that 

kiV^j{ReT) = 0. 
Substituting flA.34p into the second equation in flA.28p . we obtain 



am 



^2da-vU _ Yi^da ■ T)Y 



-.Qu 



c: 



where 



2i-g + 2da-v)~^ -a-^ -d. 



(A.34) 
(A.35) 

(A.36) 
(A.37) 



and ^ is a matrix whose (/, J)-component is G^j{v). Under the constraint f lA.33p . we find 
that k ■ ■ da = and j{v) = —2 {5^ j — k jv^) , which indicates that 



Thus (1A.36I) is rewritten as 



9i{U) = - 



1 



+ da-V 



(Qa-^da) =-2(^a-'day 



^2da-vU 



Y{-k-T) 



(A.38) 



(A.39) 
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Substituting flA.34p and flA.39p into the third equation in flA.28p . we obtain 

gLiU) = [e^'^yj^dU' {e-^''')\c^,{Ur (A.40) 
where Uq is a constant, which is determined by (lA.30p . and 

(A.41) 



+2e"'^-''' {dKia'' -da 



JJ 



JJ 



dU' da-gb{U')}. 



Under the constraint (lA.33p . we can show that 

^fi{v)CUU) = 0, 

which leads to 



(A.42) 



J^iiv)g. 



ab 



[ dU' e^^yi{v)CUU') = 0. (A.43) 

JUo 

Substituting I^EM) and ( 1X391) into fTOTl) and using (IA.43p . we obtain the final result. 

fieff = + J2^(^^\Qa\' + J2^^al\Q'^\W + OHQf), (A.44) 



a.b 



where 



= -3^^/^(ReT)F(A;-T), 
^(2) ^ 2J^^/%ReT)Y{{k + da) ■ T), 

. , {da-Va-^-db){Y{{k + da + db)-T)-^^^^W^\ 

^ ' {{k + da)-ReT}{{k + db)-ReT} 

Y{{k + da + db)-T)- 



(A.45) 



We have used various relations stemming from the fact that A/ is a cubic polynomial. In 
(13.21) in the text, we omit the tilde of Qa- 



B Comment on integration out of V 

Here we provide a comment on the effect of integrating out the Z2-odd vector multiplets V^' . 
As mentioned in Sec. 13.51 this procedure induces the quartic terms for Qa in the effective 
Kahler potential. Let us denote the components of Qa as Qa = % + (^XQa + ^^^Qa- Then 
we have four-fermion interactions coming from the quartic terms in fleS, 

a,b 
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To simplify the explanation, let us consider a case that {k + da)-Re (T) < and db-Re (T) > 
0. Then, Y {{k + da + db) ■ (T)) <^ ^('^a^(^r))^^K-(T)) ^^^^ ^^le above four-fermion terms are 

proportional to da-Va'^ - db- However, since all the vector components in V^' including the 
graviphoton are physical, the contributions of the diagrams in Fig. [T]to £4_fermi are expected 
to be proportional to da ■ ■ db-, rather than da ■ Va~^ ■ db- Note that the coefficient of the 
first term in (13.41) is rewritten as 

da ■ Va'^ ■ db da ■ ■ db 2 

{{k + da)-ReT}{{k + db)-ReT}~ {{k + da)-ReT}{{k + db)-ReT} 3' 

where we have used (13. 5p . The second term in the left-hand side corresponds to the lack of 
the graviphoton contribution. In fact, it is restored when the promotion (12. 5p is taken into 
account. For example, each derivative 9^ is promoted to the covariant derivative that 
includes the U{1)a gauge field A^. {U{1)a is the R-symmetry of the = 1 superconformal 
algebra.) This gauge field does not have a kinetic term in the action, and is an auxiliary 
field. By integrating out the auxiliary fields in the Weyl multiplet including A^, we obtain 
an additional contribution to (IB.ip . and cancel the second term in (IB.2p . Notice that this 
contribution does not originate from the IQaPlQftP terms in fies, but is purely SUGRA 
interaction. Hence it is not accompanied with a term IgaplFgJ^, which contributes to the 
soft SUSY-breaking scalar masses. 

As a result, the dominant part of the four-fermion interaction is proportional to da ■ 
a^^ ■ dx, while that of the soft scalar mass is to da ■ Va~^ ■ dx, as shown in Sec. 13.51 



C Explicit expressions in the illustrative model 

Here we collect explicit expressions in the illustrative model discussed in Sec. HI 

From the definition K^s = — 3 ln(— f2efr/3) and (13. 2p . we obtain the Kahler metric as 

1 3 

Kpj' = dj^i'dfj'Kes = -arj> - -kpkj,y{k ■ ReT), 
_ o n ^ _ 2y((fc + 4)-T) ^ 

K --rl rl-K ^Y{{k + dx)-T) 
where y{x) is defined from Y{x) {x: real) in (13. 3 p as 

The function y{x) is an even function and monotonically decreasing function of |a;|. For 
example, 3^(0) = 1/3 and y{±KL) ~ 0.032 when kL = 5.6. 

In Sec. m we have assumed that only F'^' (/' = 1,2,3) and have nonvanishing 
VEVs. Thus, the soft scalar mass normalized by MgB defined in (14.11) is calculated as 



m 



Ms^B Kxx y{ca) \F^\' V 6 4 



+ ,^v,2 ^ - + da)l'{k + da)j>y{Ca) 



(C.3) 
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where = Y^p cf- 

For the (truncated) norm function chosen as (14. 6p . we can obtain exphcit forms of 
various functions of , where I' = 1,2,3 is the index of the Z2-odd vector multiplets. 
The coefficient matrix of the vector boson kinetic term a/'j' defined in (I2.6P is calculated 
as 



( 1 \ 



2(^-2)2 



(C.4) 



and the projection operator j defined in (I2.13P is 

^'iW = U-|^ 2 (C.5) 




Thus, the symmetric matrix Va ^ appearing in the expression of ^^^^ in (13. 4p is obtained 
as 

/ 2(^-1)2 -X^X^ -X^X""^ 
{Va-^} {X) = -\ -X^X^ 2{X^Y -X^X"" I . (C.6) 
2 \-X^X^ -X^X^ 2(A'3)2 
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